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Abstract

A method was developed for extracting, identifying, and quantifying diphenylamine (DPA) derivatives in the peel of DPA-treated apples using
gradient reversed-phase liquid chromatography with ultraviolet-visible absorption and atmospheric pressure chemical ionization detectiot
(LC-UV-vis—APCI-MS). Compounds routinely analyzed using this method included hydroxylated, nitrosated, nitrated, and methoxylated
diphenylamine derivatives. Analysis of peel treated with 0-8'gRPA showed that peel DPA content was a limiting factor in derivative
production and that recovery of most compounds over this range was linear.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction respectively. Reactions wittNO purportedly result in the
formation ofN-nitrosodiphenylamine (NODPAS].

Diphenylamine (DPA) is the antioxidant of choice for a N-Nitrosation and C-nitration of DPA during storage of
diverse variety of applications including propellant stabiliza- smokeless powders has been widely repoie@,9,10]
tion and preservation of apple fruit quality. DPA is effectively Metabolism of DPA in biological systems, including apple
employed for controlling a peel browning disorder, called fruit, largely results in C-hydroxylation of one or both rings
superficial scald (hereafter referred to as “scald”), that ren- in the ortho and para positions[11-13] as well as lesser
ders fruit of a number of apple cultivars unmarketdhl2]. amounts ofnetasubstituted derivatives in DPA treated apple
For this purpose, DPA is generally applied following harvest fruit [13]. The presence of very low quantities of NODPA has
and prior to cold storage in emulsion as a drench at concen-also been reported in apple fr{d#]. Other DPA metabolites
trations of 1-2 g L. in apple fruit were detected but not identifigd].

The efficiency of DPA for controlling scald is thought Due to its use for treatment of foodstuff and its wide use
to result from its anti-oxidative utility3,4]. Not only can as a propellant stabilizer and material antioxidant, qualitative
DPA halt propagation of free radical cascades by donating and quantitative determination of DPA and DPA derivatives
the hydrogen from its secondary amié, but its aryl com- in these materials is of biological and environmental interest.
ponents can also directly interact wit®H [6] or *NO3 [7] Historically, chromatographic methods of separation of these
forming primarilyortho andpara hydroxyl or nitro adducts, = components, including open colunjf], thin-layer chro-

matography[11], gas chromatography/mass spectroscopy

* Corresponding author. Tel.: +1 509 664 2280; fax: +1 500 664 2287.  [15], capillary electrophoresiq16], high-pressure lig-
E-mail addressmattheis@tfrl.ars.usda.gov (J.P. Mattheis). uid chromatography—ultraviolet detection (HPLC-UV],
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HPLC-UV-vis [8,12], and HPLC-electrospray ionization phases. The solvent was dried off from the bright orange
mass spectroscopy (ESIME)O] have been employed for fraction containing pure NPPQ and the resulting orange-red
this purpose. Improvements in column technology, thereby powder stored underiNg) at—20°C.
chromatographic resolution, and detection techniques have Methylation of 4OHDPA was performed to prepare the
lead to increased prevalence of analyses of these compound4MeODPA standard. 4OHDPA (0.4 g) was dissolved in 3 mL
using methods developed for HPLC with more qualitative methyl iodide in a round bottom flask where light was elim-
detection systems such as UV-vis or MS detection. inated. Following the addition of 10mL 0.5M NaOH, the
DPA derivative analysis of sample matrices such as mixture was refluxed for 2 h. Products were concentrated on
smokeless powder are relatively simple and usually require a Gy g cartridge (Sep-pak, Waters Corp, Millford, MA, USA)
little clean-up prior to analysis. Biological matrices, espe- and the concentrate eluted using 5 mL methanol. The concen-
cially plant material, provide a much greater challenge, trate was then purified through fractionation on a silica gel
and, owing to the presence of large amounts of other columnwith a 90:10 hexanes/ethyl acetate mobile phase after
components, require multiple clean-up and concentration which fractions containing pure 4MeODPA were pooled, the
steps prior to analysis of minor extractive constituents solvents evaporated, the 4AMeODPA recrystallized repeatedly,
such as some of the minor DPA derivatives. Recent stud- and stored in M (g) at—20°C.
ies characterizing DPA metabolism by apple fruit have
employed rigorous fractionation and concentration of the 2.2. Equipment
extract prior to HPLC analyses using either UV photolysis-

chemiluminescencfl4] or radioactive detection, GC-MS, Samples were analyzed by injecting 0.5¢10into a
and FAB-MS following application of*C-DPA to apple fruit Series 1100 HPLC system (Agilent Technologies, Palo
[13]. Alto, CA, USA) controlled by Chemstation software

The present study outlines a method that uses the advan{A.09.03) and equipped with aim Agilent Hypersil ODS
tages in selectivity, sensitivity, and identification provided (4.0 mmx 125 mm) reverse-phase column, a G1315B diode
by gradient reversed-phase HPLC—MS using an atmosphericarray detector (DAD), and a G1946D single quadrupole mass
pressure chemical ionization interface (APCI) coupled with selective detector (MSD) using an APCI source. Following
UV-vis detection. This method was evaluated for qualitative an initial 2 min hold at 50.0% methanol, a linear gradient
and quantitative analysis of DPA derivatives in apple peel of 50.0-99.8% methanol in aqueous 0.20% formic acid was
with minimal sample preparation. executed in 25 min, followed by a final 5 min hold at 99.8%

methanol. The column temperature and mobile phase flow
rate were 20C and 0.5 mL min?, respectively. The eluate

2. Experimental was first analyzed by the DAD and then the MSD. The DAD
was adjusted to continuously monitor and record UV-vis
2.1. Chemicals spectra in the 230—700 nm range for the entire analysis.

The APCI spray chamber conditions were: Drying gas
HPLC grade methanol (for extraction and sample prepa- flow=5Lmin~1, drying gas temperature =35Q, nebu-
ration), GC Resolve grade methanol (for chromatography), lizer pressure =414 kPa, vaporizer temperature =€&%and
hexanes, chloroform, formic acid, and acetic acid were pur- coronal discharge =dA. The fragmentor and capillary
chased from Fisher Scientific (Pittsburg, PA, USA). Analyti- potentials were maintained at 130 and 4000 V, respectively.
cal standards: DPA, 9H-carbazole (CB), 3-methoxydiphenyl- The MSD was adjusted to monitor positive ions in the scan-
amine (3MeODPA), 2-nitrodiphenylamine (2NO2DPA), ning mode, continuously monitoring and recording entire
4-nitrodiphenylamine (4NO2DPA) p-isabutylhydratropic mass spectra within a 100-108{ range, or selective ion
acid, rose bengal, methyl iodide (Sigma-Aldrich, St. Louis, monitoring (SIM) mode when compounds were identified
MO, USA), NODPA, 4-hydroxydiphenylamine (4OHDPA), and increased sensitivity was required.
3-hydroxydiphenylamine (3OHDPA) (TCI, Portland, OR, Positive identification was achieved through comparison
USA), N-phenyl-4-quinoneimine (NPPQ), and 4-methoxy- of extract constituents with the UV—-vis and/or mass spectra of
diphenylamine (4MeODPA) were prepared in methanol as authentic standards as well as comparisons of retention times.
1 mgmL~1 stock solutions. Quantification of constituents was performed by comparison
NPPQ was synthesized by exposing DPA in solution to with known amounts of authentic standards added to the same
light in the presence of the sensitizer-dye rose bengal. DPAvolume (as added to each sample)pdtobutylhydratropic
(250 mg) was dissolved in 50 mL methanol, 10 mLdH acid, the internal standard.
and 0.3mL rose bengal solution (23.8Madded, and the
solution placed under fluorescent white light at°22for 2.3. Apple peel analysis
16 h. Distilled water (10 mL) was then added and the mix-
ture partitioned with chloroform. The chloroform phase was  ‘Granny Smith’ apples were obtained from a commercial
evaporated in vacuo and fractionated on a silica gel column orchard at commercial harvest in 2003. Apples were treated
using 90:10 then 80:20 hexanes/ethyl acetate as the mobilghe day of harvest with 0, 1, 2, 4, or 8gt DPA (Shield
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31%, Pace International, Seattle, WA), then placed in 1 kPa precision. Instrumental precision tests were performed using
02, 1kPa CQ controlled atmosphere (CA) storage. Stor- repeated analysis of authentic standard compounds. Spiked
age chamber atmospheres were established within 60 h aftesample tests were executed as outlined above except a
harvest and monitored at 90 min intervals (Techni-Systems, known quantity of authentic standard compounds, in addi-
Chelan, WA). Semi-static chamber atmospheres (purged onlytion to internal standard, were added to a set of apple
when atmosphere was adjusted) were maintained with N peel (untreated with DPA) samples prior to homogeniza-
generated from a membrane system (Permea, St. Louis, MO)tion. For the first test, 20QL of a standard mix contain-
compressed air and GOmmediately upon removal follow-  ing 2ug 3OHDPA, NODPA, 4MeODPA, 3MeODPA, CB,
ing 6 months storage, scald incidence was recorded, then peeiNO2DPA, and 2NO2DPA was added. To representthe larger
samples were collected to evaluate DPA metabolism. Apple concentrations of 4OHDPA and DPA typically found in post-
peel was separated from the whole fruit using a potato peelerstorage apple peel, 2@ of a solution containing 40Qg
(three composite replicates containing peel from 6 fruit/lot), of each of these compounds was added to a second sample
immediately frozen using N(I), and stored at-80°C until of untreated apple peel prior to homogenization. Recoveries
analysis. were calculated following adjustment of values according to
DPA and DPA derivatives were extracted by adding 50 mL internal standard recovery.
methanol and 20QL of 0.282 mM p-isobutylhydratropic
acid in methanol (internal standard) to approximately 25g
frozen peel tissue and immediately homogenizing the mix- 3. Results and discussion
ture. After 20 min, the homogenate was vacuum filtered
through Whatman #2 paper and the macerate washed twice The current method employs UV-vis spectral and mass
with 50 mL 80:20 methanol/dyO. The methanol was evap-  selective detection to maximize sensitivity and qualitative
orated from the filtrate using a rotary evaporation apparatusidentification of compounds. Previously, HPLC coupled with
with a water bath set at 3€, acidified by adding acetic acid  Uv-vis detectiorf8] or ESI-MS[10] have been used to ana-
to approximately 0.4% (v/v), and partitioned three times with |yze DPA derivatives in explosives. None of these qualitative
50mL chloroform. The epiphase was discarded, the chlo- detection methods has been employed for analysis of DPA
roform fraction evaporated under reduced pressure, and theand DPA derivatives in apple peel where DPA derivatives
residue dissolved in 8 mL methanol. When fully dissolved, containing multiple functional groups are presgrg]. Kim-
2mL deionized water was added. Relatively non-polar con- Kang et al.[13] used a variety of techniques including a
stituents were removed by passing this solution through acombination of HPLC with UV and radioisotopic detection
Cag cartridge (Sep-pak). Following the addition of 70mL  of 14C-DPA and derivatives in addition to GC-MS and FAB-
deionized water to the eluate, the extract was again acidi- MS. This exhaustive approach identified many of the major
fied by adding acetic acid to 0.4% and the analyte collected components in peel and flesh of DPA-treated apples although
on another & cartridge. The analyte was eluted from the requiring a more lengthy procedure to acquire similar data.
cartridge using 5 mL isopropanol, evaporated under reduced Due to variety in the chemical properties of these deriva-

pressure, and dissolved in 220 methanol. tives in apple peel, the current extraction and chromato-
graphic methods were optimized to include simultaneous
2.4. Method validation analyses of a wide variety of extract constituents while the

detection method was optimized for sensitive DPA deriva-
Experiments were performed to address levels and repro-tive detection. Recoveries of compounds from peel, spiked
ducibility of compound recovery as well as instrumental with authentic standards, are listedTiable 1 Recovery of

Table 1
Relative retention, compound recovery following internal standard correction from apple peel spiked with authentic standard, and assagiysiiegision
multiple standard injections

Compound Relative retention Recovery from spiked apple peel sample Assay precision
- (%RSD) (1> 3)
tr — tm (min) %RSD 0> 3) % %RSD (> 3)
4-Hydroxydiphenylamine a 0.14 7192 19.42 6.012
N-Phenyl-4-quinoneimine B 0.22
3-Hydroxydiphenylamine 1 0.16 800 127 7.94
N-Nitrosodiphenylamine 13 0.37 100 449 6.86
4-Methoxydiphenylamine 13 0.30 642 4.33 574
9H-Carbazole 13 0.30 918 215 727
3-Methoxydiphenylamine 13 0.27 728 3.69 6.80
4-Nitrodiphenylamine 13 0.30 946 3.46 7.28
Diphenylamine 1B 0.25 113 591 633
2-Nitrodiphenylamine 15 0.26 584 100 6.86

2 Values for combined 4-hydroxydiphenylamine axgbhenyl-4-quinoneimine peaks.
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Fig. 1. Extracted chromatograms of analysis of DPA and DPA derivatives. Samples were analyzed by HPLC-UV-vis—MS. DPA derivatives analyzed-tydeoxiidiphenylamine (4OHDPA); (Y-
phenyl-4-quinoneimine (NPPQ); (3) 3-hydroxydiphenylamine (30HDPAN(A)trosodiphenylamine (NODPA); (5) 4-methoxydiphenylamine (4AMeODPA); (6) 9H-carbazole (CB); (7) 3-methoxydiphenylamine
(3MeODPA); (8) 4-nitrodiphenylamine (4NO2DPA); (9) diphenylamine (DPA); (10) 2-nitrodiphenylamine (2NO2DPA).
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more or less polar compounds was generally less efficient(Fig. 1). Further qualitative identification using UV-vis spec-
than NODPA or DPA which were recovered at a similar level tra was used for only the most abundant compounds in
to that of the internal standard. Variability in recovery was samples due to co-elution with other photoactive extract
highest for 4AOHDPA and 30OHDPA possibly due to increased componentsTable 2. Retention and spectral comparisons
error related to phase and gextraction limitations. with purchased or synthesized authentic standards provided
Employment of APCI-MS allowed for highly sensitive final qualitative identification. Utilization of this method not
detection of DPA derivatives in the SIM mode, regard- only facilitated quantification of DPA derivatives, but also
less of peak resolution, and identification of derivatives a wide variety of other apple peel constituents not reported
using mass spectra obtained from the total ion chro- here.
matogram (TIC) in the scan mode. For example, lin-  The present study confirms the presence of previously
ear regression of the calibration curve generated for reported as well as novel DPA derivatives in apple peel.
0.3-1200 ng NODPA using the SIM mode provided the equa- Kim-Kang et al. [13] reported large quantities of DPA,
tion Y=2.11x 10PX — 2.04x 10° (whereY=peak area and 4OHDPA and the glucosidic conjugate, and smaller quan-
X =amount NODPA) withR2 = 0.9994. Detection limitswere tities of 20HDPA, 30HDPA, 2,4-dihydroxydiphenylamine
determined using authentic standards dissolved in methanol(2,4-diOHDPA) and their glycosidic conjugates. Small
The minimum detection limit for NODPA was 20 pg assum- amounts of NODPA have also been reported in the peel of
ing aSIN=5. This detection limit is considerably lower than DPA treated appled4]. Using the current method, the range
the 2ng §@N=3) reported by Mathis and McCofd0] for of DPA derivatives found in the peel of DPA treated apples has
quantifying a similar compound using extracted ion chro- been expanded to include 4MeODPA and 3MeODPA. Other
matograms from LC-ESIMS TIC. Adjustments were made related compounds, including 4ANO2DPA, 2NO2DPA, and
to the injection volume to assure that measured values fell 9H-carbazole were included in the instrumental optimization
within the linear portion of the calibration curves. Instrument although they were not detected in these samples.
precision was sufficient where relative compound retention  The m/z of the major mass spectral peaks of identi-
deviated less than 0.38% and peak area of multiple injectionsfied DPA derivatives indicate most compounds remained
of authentic standard deviated between 5.5 and 8.0% in allintact following ionization. For 4MeODPA, 4ANO2DPA, and
cases. 2NO2DPA, CI molecular ions ([M +H] with some frag-
Resolution of compounds with similar peaks in their mentation were detected. Absence or greatly reduced abun-
mass spectra was sufficient so as not to interfere with quan-dance of the molecular ion occurred following the ionization
tification and qualitative identification of these compounds of NODPA and 40HDPA.

Table 2
Elution order, Cl mass spectral, and UV-vis spectral characteristics used for identification of diphenylamine and diphenylamine derivatives using
LC-UV-vis—APCI-MS with an Agilent Hypersil ODS column and a methanol gradient

Peak Rel. RTr — ty (min) Compound Cl mass spectra/g) (relative UV-vis spectra [wavelength (nm)
abundance, fragment identification) (relative intensity, spectral feat @
1 6.2 4-Hydroxydiphenylamine 186 (35.3, [M + H] 184 (100) 282 (100,p), 352 (bl)
2 6.7 N-Phenyl-4-quinoneimine 184 (100, [M+H] 265 (100,p), 282—-288 (84-85,sh),
360 (5.1,v), 450 (20,p), 582 (bl)
3 7.1 3-Hydroxydiphenylamine 186 (100, [M +H] 250 (27,v), 282 (100,p), 334 (bl)
4 113 N-Nitrosodiphenylamine 170 (100, [(MNO)H + HT*) 257 (68,v), 294 (100,p), 370-390
(5.7-4.1,sh), 422 (bl)
5 123 4-Methoxydiphenylamine 200 (100, [M +H} 123 (6.7, 284 (100,p), 352 (bl)
[M+H]*—Ar), 108 (5.5,
[M +H] *—ArNH)
6 123 9H-carbazole 168 (100, [M + Fi] 234 (97,p), 252 (100,v), 256 (42,p),
269 (9.0,v), 292 (36,p), 306 (6.1,v),
323 (8.3,p), 331 (6.5,v), 335 (6.8,p),
349 (bl)
7 125 3-Methoxydiphenylamine 200 (100, [M +H] 250 (25,v), 284 (100,p), 334 (bl)
8 128 4-Nitrodiphenylamine 215 (100, [M +H], 198 (18, 256 (51,p), 306 (6.8,v), 398 (100,p),
M—[O+H]*), 168 (6.2, 518 (bl)
M—NO2 +H]")
9 128 Diphenylamine 170 (100, [M +H) 247 (21,v), 284 (100,p), 334 (bl)
10 155 2-Nitrodiphenylamine 215 (100, [M+H], 197 (11, 240 (71,v), 259 (100,p), 328 (3.9,v),

M—[OH +H]*), 180 (23,
M—([OH + H]*—OH))

431 (47,p), 566 (bl)

@ abbreviations of UV-vis spectral features: p = peak, v=valley, sh=shoulder, bl =baseline.
b A-2 peak may result from oxidation of 4-hydroxydiphenylamin&tphenyl-4-quinoneimine during APCI.
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o
Post-column thermal de-nitrosation of NODPA (MW = s oo 3
198 amu), resulting from the high vaporizer temperature £ § B ?—5
employed for APCI, is evident in its mass spectrum where s § g
170m/z (((M—NO)H + H]*) is the most abundant ion and é c |02 2 2. .. Jg
the 199z ([M + H] *) is absent. It would be expected that o § S
the thermal decay would result in a diphenylamidogen rad- ¢ =4 g E
ical with MW =168 and therefore a Cl molecular ion with s |25, 2. ... é
169m/z. However, following the thermal decay of NODPA, § _ 2
the diphenylamidogen is likely reduced forming DPA during & 5 @ g § é
or prior to Cl resulting in the 176vVz fragment upon ioniza- k] 3 €SA3C|5
tion. The molecular ion of NODPA is present when using % a e S g
ESI [10] where heat vaporization is not required. Because o> 0 :
the thermal decay of NODPA occurs post-column, resolu- § 5 5 = g
tion of DPA and NODPA was not impacted. In earlier studies e ,".3 .18 e 83 £
utilizing GC for DPA and DPA derivative analysis, thermal £ |3l3 Q - g E
decay may explain why there was a failure to detect nitrosated I I
and nitrated DPA, since gas chromatographic techniques can 3 . 8
resultin pre-column thermal degradation of these compounds 8 _ =5 g R g’
as with nitrosated compounds like NODRA7]. Sporadic % % g\g/ﬁ ge Tzf
presence of these compounds in DPA treated apples may have “‘g ale < =
also resulted in lack of detection as reported amounts were S 2 £
quite low (Table 3. 3 & o|E
The abundance of the molecular ion was also reduced g 2 .18 pa § oD % g
in the CI mass spectrum of 4OHDPA. 4OHDPA (MW = ‘_3 g g S = e §
185 amu) can be readily oxidized resulting in the formation § v e o)
of NPPQ (MW = 183 amu]18] (Fig. 2). This oxidation may ) =
result in the high abundance of 18%z[M + H] * revealed in % _ g@ ag 2|3
the spectrum of 40OHDPA indicating spray chamber condi- < § eegea E:
tions may be conducive to this reaction. AOHDPA and NPPQ 5 oY = £
are resolved using these chromatographic conditions. The z < @ 3
oxidation of 4OHDPA may also occur during the extrac- & & 0 ~N O 8
tion procedure, potentially explaining the small amounts of fg |8 b N g Sl _
resolved NPPQ which were detected in our samples. Since a8 |22 3 |8 g
this compound may be an artifact, the area under NPPQ 12 gé
and 40HDPA peaks were added together for the quantifi- § a5 |82
cation of 4OHDPA/NPPQ. 30HDPA did not display this g = 5B ® e g g
property. S N eeeep £
Some derivatives reported by Kim-Kang et [AI3] were g < 2= 2z
either not detected or excluded from this report. Analyses g |5 o o |08
of the glycosidic conjugates of the hydroxylated derivatives 5 7, Tl & 9 &3 88
were omitted and would require additional glycosidic hydrol- E > 23 ¥ B §
ysis of the aqueous phase following chloroform partition- E, ‘é %
ing. There was mass spectral evidence of the presence of g f‘:; I o)
20HDPA and monomeric glycosides of 40OHDPA but full § < a SHE R
identification of either compound was not pursued. Addi- = 08 ?%
tionally, dihydroxylated DPA derivatives did not partition 2 |7 |« o|®E
into chloroform from water, rendering the detection of 2,4- = |2 g o 2228 o g § &
diOHDPA unfeasible using this method. % s 0 g S %
DPA derivative production by apples treated with increas- S © Ei 24,22 |F3U2
ing concentrations of DPA was evaluated following 6 months =g E E EEE 2652
CA storage. Small amounts of DPA were detected in the £ g > >z Sl 8 %E
untreated fruit Table 3. Traces of DPA in untreated apples 25 g 4 2 %@ 220 o 3 £ S
have been previously reported, although its origins are 528 5253535 SEgR g2
unknown[19]. 4OHDPA, NODPA, 4MeODPA, 3MeODPA, © 2|3 S o 5§35 295822 CES
and DPA peel content increased linearly with DPA appli- 248 g 2235328823 20 S
cation concentration. Second order increases in 4MeODPA, c5313 < hZImbl<E" ¥
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Fig. 2. Positive ion APCI mass spectra of (A) 4-hydroxydiphenylamine (4OHDPA) anN{Bjenyl-4-quinoneimine (NPPQ).

3MeODPA, and DPA with DPA application concentration 4. Conclusions

were also significant. 30OHDPA did not increase with DPA

concentration. These results indicate that, within the range Identification and quantification of minute quantities of

tested, peel DPA content is a limiting factor in derivative DPA and DPA derivatives is essential for characteriza-

production, and that recovery and analyses of these com-tion and monitoring of these compounds as well as under-

pounds in the ranges recorded in this study are valid. As standing the various mechanisms by which DPA confers

expected, variance in amounts was considerably higher tharits antioxidative protection in biological systems. Using

those reported for the spiked, untreated apple peel samplet C-DAD-APCI-MS, DPA and many DPA derivatives were

due to biological variability. identified and picogram quantities routinely quantified from
While the mechanism of DPA derivative synthesis in apple peel of DPA treated apple fruit. Additionally, CB, 4ANO2DPA,

fruit remains unevaluated, reactions between reactive oxy-and 2NO2DPA can be quantified using the same method.

gen species and/or reactive nitrogen species and DPA mayGiven its validity for evaluating these compounds in this

result in their formation. Aryl compounds, including ben- complex sample matrix, this method is likely to be useful for

zene[20] and DPA[21], can react wittOH forming mainly analyses of other biological systems. Providing the formation

parahydroxylated derivatives in the case of DPA. Reactions of these compounds may result from reactions with biolog-

between*NO and*NO; can result inN-nitrosation or C- ically significant chemical species or metabolic processes,

nitration, respectively7,8]. Reactions catalyzed by endoge- monitoring derivative formation during physiological events

nous oxygenases, such as cytochrome P450, may drivethat are ameliorated by DPA may help elucidate the function

hydroxylated DPA biosynthes[22]. All of these reactions,  of oxidative stress in those phenomena.

including less explicable ones, such as C-methoxylation to

form 4MeODPA, require additional investigation to discern

the exact reactants and processes leading to their formationAcknowledgements

in apple fruit. Elucidation of these processes may indicate

mechanisms by which DPA interaction with reactive and/or ~ The authors would like to acknowledge David Buchanan
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